D-Psicose, a new alternative sweetener, was produced from allitol by microbial oxidation of the newly isolated strain Enterobacter aerogenes IK7. Cells grown in tryptic soy broth medium (TSB) supplemented with Dmannitol at 37 C were found to have the best oxidation potential. The cells, owing to broad substrate specificity, oxidized various polyols (tetritol, pentitol, and hexitol) to corresponding rare ketoses. By a resting cell reaction, 10% of allitol was completely transformed to the product D-psicose, which thus becomes economically feasible for the mass production of D-psicose. Finally, the product was crystallized and confirmed to be Dpsicose by analytical methods.
The discovery of previously unknown uses of carbohydrates such as alternative sweeteners has extended the market for low-calorie products, enabling the food and beverage industries to produce palatable food products with longer shelf-lives at reasonable prices. Now the utilization of these sugars has been extended to disease control.
D-Psicose (D-ribo-2-hexulose), a C3 epimer of Dfructose, is present in small quantities in sugar cane and beet molasses, 1) wheat, 2) Itea plants, 3) the antibiotic psicofranine, 4) and in commercial mixtures. 5) A rare sugar, D-psicose is poorly absorbed in the digestive tract, 6) which might make it useful as an aid to weight reduction. 7) It has been reported that modified egg white protein with this rare hexose developed better heatinduced gelling properties. 8) Recent reports also confirm that D-psicose can prevent post-prandial hyperglycemia in diabetic rats by lowering plasma glucose levels and reducing body fat accumulation. 9) These physiological properties make D-psicose a potential alternative sweetener, but more intensive studies of it have been impeded by its unavailability. There have been few reports on the chemical synthesis of D-psicose. It can be produced from D-fructose using molybdate ion catalyst, 10) or synthesized from 1,2:4,5-di-O-isopropylidene--D-fructopyranose 11) or by boiling in ethanol and triethylamine. 12) Biotransformation is finding increasingly wide-spread application not only in academia but also in industry. This is particularly true where other possible synthetic schemes are inadequate. Biological manufacture of Dpsicose from D-fructose has been studied in recent years.
Only two enzymes, D-tagatose 3-epimerase from Pseudomonas cichorii, 13) and D-psicose 3-epimerase from Agrobacterium tumefaciens, 14) have been used in its production. In this report, we describe how D-psicose can be produced conveniently from allitol with a newly isolated microbe.
Materials and Methods
Chemicals. L-Galactose, allitol, L-iditol, erythritol, and L-rhamnitol were prepared in our laboratory. LArabitol and all other authentic sugars were purchased from Sigma Aldrich Chemical (St. Louis, MO). Other biochemicals were purchased from Wako Pure Chemicals, (Osaka, Japan), and all were certified as reagent grade (RG).
Isolation and characterization of microbe. To screen microorganisms, soil samples were collected in Kagawa, Japan and inoculated into MS medium (0.26% (NH 4 ) 2 SO 4 , 0.24% KH 2 SO 4 , 0.56% K 2 HSO 4 , 0.05% yeast extract, and 0.01% MgSO 4 . 7H 2 O, pH 7.0) supplemented with 0.1% L-galactose as sole carbon source, and incubated at 37 C with shaking. Culture growth was monitored spectrophotometrically at 600 nm and transformation ability was detected by analytical methods.
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Cultures showing modest growth were transferred into a medium containing a different sugar alcohol as carbon source. Samples showing transformation ability were streaked repeatedly on an MS plate containing 0.5% Dmannitol. Finally, the distinct colony no. 7, which showed the highest transformation ability, was selected and stored as a frozen stock culture containing 50% (v/v) glycerol at À80 C for long-term storage, and at 4 C for routine use. The isolated strain was identified preliminarily based on morphological, cultural, and biochemical characteristics, and was confirmed molecularly by 16S rRNA analysis. ''Bergey's Manual of Systemic Bacteriology'' 15) and the BLAST program, 16) were used to match the data with the bacterial genus and species.
Determination of optimal conditions for growth and activity. Preliminary results showed that the microbe possessed polyol oxidation ability. In order to get a high yield, which is essential to an economically viable process, various conditions were optimized based on selection of suitable growth carbon sources, (glycerol, ribitol, xylitol, D-arabitol, L-arabitol, galactitol, D-sorbitol, D-mannitol, and allitol were tested); culture medium, (MS medium, tryptic soy broth medium, TSB: 2.0% tryptic soy broth, yeast extract medium, YE: 0.5% yeast extract, 0.5% polypenton, and 0.5% NaCl, pH 7.0, and meat extract medium, ME: 0.5% meat extract, 0.5% polypenton, and 0.5% NaCl, pH 7.0); growth temperatures (20-55 C); growth period (12-72 h), and reaction buffer (50 mM Na-phosphate, pH 6.0-8.0, 50 mM TrisHCl pH 7.0-9.0, and 50 mM glycine-NaOH, pH 9.0-11.0).
Oxidative specificity. The reaction mixture contained, 1% polyol and 5.0 ml of cell suspension prepared in the same buffer, which had a cell density of 30 (A 600 ). Reactions were carried out in an L-shaped tube at 37 C for 24 h with shaking. Ketose conversion in the reaction mixture was determined by the Cysteine-Carbazole or the Nelson-Somogyi method, and product formation was analyzed by HPLC. [17] [18] [19] Effect of allitol concentration on transformation. Unless otherwise indicated, D-psiocse production was carried out as follows: The microbe grown in TSB medium supplemented with D-mannitol was harvested by centrifugation at 12;000 Â g for 10 min, washed twice with distilled water, and resuspended in 50 mM glycine-NaOH buffer (pH 11.0). The resulting cell suspension was used in the allitol conversion process.
After determining the optimal reaction conditions, we calculated the transformation efficiency of the bacterium at various initial concentrations of allitol. The transformation reaction was carried out at 37 C with shaking at 120 rpm in a 30-ml L-shaped tube containing a reaction mixture of the following composition: 250-500 mg (5-10%) of substrate and 5.0 ml of the cell suspension prepared in the same buffer, which had a cell density of 50 (A 600 ). Samples were taken at various intervals to determine the conversion rate.
Transformation reaction in bioreactor. We attempted mass-scale production of D-psicose in a bioreactor. The transformation reaction was carried out in a 5-liter bioreactor at 37 C at an agitation rate of 120 rpm and an airflow rate of 0.5-l/min for 12 h. The composition of reaction mixture was as follows: 30 g (3%) of allitol, and 1,000 ml of washed cells suspended in 50 mM glycineNaOH buffer (pH 11.0) with a cell density of 30 (A 600 ).
Product recovery and identification. The transformation reaction was terminated by centrifugation at 12;000 Â g for 10 min. The supernatant obtained at this step was decolorized by treatment with activated charcoal, and the resulting solution was filtered after centrifugation at 12;000 Â g for 30 min to remove the treated charcoal. The solution was then deionized with a mixture of Diaion SK1B (H þ form; Mitsubishi Chemical, Tokyo) and Amberlite IRA-411 (CO 3 2À form; Muromachi Technos, Tokyo) (IRA-411, CO 3 2À ) ionexchange resins. The deionized solution was then evaporated and concentrated under vacuum at 40 C. The concentrate was kept in a desiccator to develop crystallization. The crystals obtained were washed and dried in the desiccator.
Finally, product quality was analyzed by HPLC, (Hitachi GL-611 column, Tokyo, and Shimadzu RID-6A refractive index detector, Kyoto, Japan), eluted with 10 À4 M NaOH at a flow rate of 1.0 ml/min at 60 C. It was identified by 13 C-NMR spectra (model ALPHA 400 JEOL, Tokyo) at 400 MHz using TMS as the internal standard. Specific optical rotation of the product has done by polarimeter (Jasco R1030, Na þ lamp, Tokyo) at 20 C with d. H 2 O.
Analytical methods. Polyol oxidation and ketose accumulation in the reaction mixture were detected by the Cysteine-Carbazole, and Nelson-Somogyi methods. [17] [18] [19] The product was further analyzed by HPLC. The 16S rRNA sequence of the isolated strain was analyzed by the CEQ 8000 Genetic Analyzer System with the CEQ 8000 DTCS Quick Start Kit (Beckman Coulter, Futterton, CA).
Results and Discussion
Isolation and characterization of microbe We collected 160 individual bacterial strains by microbial screening, but only 12 of them grew well in liquid medium containing L-galactose, and we did not detect any transformed sugar. Out of 12 strains, the strain no. 7 showed the highest growth. From wellgrown culture, a distinct colony was isolated repeatedly and, it was transferred to MS medium containing various sugar alcohols. The isolate grew on and oxidized various sugar alcohols. Ketose production was determined by the Cysteine-Carbazole method and analyzed by HPLC, as described above. Strain no. 7 was characterized as a Gram negative, motile, facultative anaerobe capable of growing in a wide range of carbohydrates similar to those of the well-known strain Enterobacter aerogenes ( Table 1 ). The 16S rRNA sequence analysis also confirmed that, strain no. 7 was almost identical to E. aerogenes, with a score of 99%. Finally, strain no. 7 was identified as a member of the Enterobacteriaceae family, and was designated as Enterobacter aerogenes IK7. This strain, an isolate of this laboratory, was deposited as a patent strain (NITE P-271) at National Institute of Technology and Evaluation of Japan.
Effect of carbon source and culture medium on growth and oxidative activity
The effects of carbon source and culture medium on growth and ketose production were studied. The microbe grew well on all tested sugar alcohols, viz., ribitol, xylitol, D-arabitol, L-arabitol, galactitol, D-sorbitol, D-mannitol, and allitol, except for glycerol, whereas the cells grown on xylitol, D-sorbitol, D-mannitol, and allitol were found to convert allitol to ketose at a higher percentage than the others (Fig. 1A) . Since D-mannitol was less expensive and the highest conversion was observed, finally, we selected D-manntiol as a growth carbon source.
It also found that the highest transformation rate was obtained when the cells were grown on TSB medium (Fig. 1B) .
Effect of temperature and growth period on growth and activity
The bacterium was grown at different temperatures, (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) C) to optimize growth and activity. The highest biomass yield was obtained when it was incubated at 28 C ( Fig. 2A) , which revealed the mesophilic characteristic of microbe. It did not grow well at high temperatures (45-55 C). Considerable biomass yield and highest D-Psicose accumulation in the reaction mixture were observed when it was grown at 37 C. Finally, the optimum temperature for preparation of the cells was determined to be 37 C. The bacterial cells were harvested at different timing to determine a suitable growth period for activity. The best results were obtained when the cells were harvested after about 48 h of growth (Fig. 2B) . Thus, it appears that dehydrogenase activity is best performed with resting cells in the early-stationary phase.
Effect of pH on transformation
The effect of pH on bioconversion process was evaluated in a pH range of 6.0-11.0. Considerable conversion was observed irrespective of the buffer, indicating that pH is not a critical parameter in this process, and the most suitable buffer for D-psicose production was determined to be glycine-NaOH, pH 11.0 (Fig. 3) . This that transformation is favored under alkaline conditions, since the optimal pH for the oxidation of polyols by different microorganisms has been reported to be alkaline pH. 20, 21) 
Oxidative specificity
The oxidative specificity of the isolated bacterium is summarized in Table 2 . The products in the reaction mixture were subsequently identified and quantified by analytical methods in order to establish which secondary -OH group of polyol is involved in oxidation. The results indicate that oxidation took place at the secondary -OH group, which possesses a D-configuration (Fig. 4) , not obeying the Bertrand-Hudson rule. [22] [23] [24] The main corresponding dehydrogenase involved in allitol oxidation appeared to be ribitol dehydrogenase (D-erythro dehydrogenase), but more than one dehydrogenase was probably involved in the oxidation of these substrates. There have been several reports on ribitol dehydrogenase-producing microorganisms.
21,25-29) Dothie et al. 25) and Khale et al. 26) reported the sequences and properties of ribitol dehydrogenases, but these reports do not mention substrate specificity. Enzymes similar to Aerobacter aerogenes PRLR3 27) and Klebsiella aerogenes 28) catalyzed the oxidation of ribitol, L-arabitol, and xylitol. The pentitol specificity of the bacterium appeared to be similar to those of A. aerogenes PRLR3 and K. aerogenes. Muniruzzaman et al. 21) reported that Enterobacter agglomerans showed an oxidative pattern similar to this strain, but they did not mention D-pisocse production. Gluconobacter oxydans also has D-erythro dehydrogenase; 29) it did not oxidize tetriols.
Effect of allitol concentration on transformation
The substrate with initial allitol concentrations of 5 and 10% was completely oxidized to the product at 12 and 24 h respectively, without any by-product formation, and even a high substrate concentration did not affect the conversion reaction. It has been reported that Dpsicose can be produced from D-talitol and allitol by the cell reaction of Alcaligenes sp 701B 30) and by Bacillus pallidus Y25. 31) In the former case, the conversion rate was low, and in the latter, it took longer for transformation and by-products accumulated. Using the isolated bacterium, D-psicose can be produced easily in considerable amounts in a short time.
D-Psicose production, recovery, and product identification
In the transformation reaction using bioreactor, 3% of the substrate was completely oxidized to the product. This result indicates that it is able to bypass the separation step and easily forward to the downstream process, which recovers the product in crystal form. The purity of the crystal was confirmed by HPLC, in which the product of the polyol showed a single peak (Fig. 5) . A gradual improvement in microbial growth and activity parameters ultimately led to maximum D-psicose productivity (26.8 g/l of D-psicose from 30 g/l of allitol in a 24 h reaction with 89.3% yield).
The HPLC analysis of the isolated crystal was indistinguishable from that of D-psicose standard, which was prepared by epimerization of D-fructose (data not shown). All of the 21 major peaks of the 13 C-NMR spectrum were identical to those of D-psicose, as Reactions were carried out under optimized conditions, in Naphosphate (closed squares), Tris-HCl (closed circles), and glycineNaOH (closed triangles) buffer.
described by Lawrence and Gray. 32) Finally, specific optical rotation of the sample gave a value of +3.0, which showed that the product was of the D-form. From these results, the product formed from allitol was confirmed to be D-psicose. To our knowledge, this is the first report on the bioproduction of D-psicose from allitol by Enterobacter aerogenes in considerable amounts.
In conclusion, we succeeded in isolating a new bacterium possessing the activity to transform various polyols to ketoses. The production process for D-psicose from allitol that we describe in the present report is very simple and cost-effective, since the isolated bacterium grows on inexpensive carbon D-mannitol and shows a high conversion rate. Moreover, the starting substrate for D-psicose production, allitol, is affordable and can be prepared easily by extracting it from Itea plants, 33) and also obtained from chemical reductions. 34) Hence it offers advantages over existing methods in terms of simplicity, availability with high yield, and purity. Hence, it is possible to produce D-psicose at lower cost and to encourage its use in various applications, including as a starting material in the synthesis of novel bioactive compounds. Intensive molecular and biochemical studies on these important transformation pathways are required to determine the catalytic mechanism, and hence we are attempting to purify the enzyme and to clone the corresponding gene. 
